SEMICONDUCTOR DEVICE AND SUSTAINING CIRCUIT 



BACKGROUND OF THE INVENTION 

The present invention relates to semiconductor power device, and more particularly 
5 relates to a semiconductor device which is formed of a wide bandgap semiconductor and in 
which a bi-directional switching operation can be performed and a sustaining circuit using 
the semiconductor device. 

Semiconductor power devices are used in power electronic applications in which 
high voltage is applied and used for high current power switches of electronic instruments. 
10 A known semiconductor power device such as a diode, a vertical-type MOSFET or 

the like has a pn juction. In this structure, current does not flow due to a depletion layer 
formed when a reverse bias is applied to the pn junction, so that the semiconductor device 
becomes resistant to high voltage. Because of this, when the known power device is 
operated as a switching device, it is necessary to convert an altemating voltage supplied 
15 from a power supply to a direct voltage so that the polarization of a voltage applied to the 
power device is kept constant. 

As an example of such switching devices, a known vertical-type MOSFET will be 
described, 

FIG. 6 is a cross-sectional view illustrating a general vertical-type MOSFET as an 
20 example of switching device. As shown in FIG. 6, the known vertical-type MOSFET 
includes an n-type Si (silicon) substrate 193, an n-type doped layer 192 formed on the 
principal surface of the Si substrate 193, a p-type well 195 formed so as to be surrounded 
by the n-type doped layer 192, an n-type source 196 formed so as to be surrounded by the 
p-type well 195, a gate insulation film 199 formed on a surface of the p-type well 195 
25 having part sandwiched by the n-type doped layer 192 and the n-type source 196, a gate 



electrode 200 formed on the gate insulation film 199, a source electrode 197 formed on the 
n-type source 196, and a drain electrode 198 formed on the back surface of the Si substrate 
193. In this structure, if the thickness of the Si substrate 193 is about 300 p.m and the 
thickness of a silicon layer in which the n-type doped layer 192, the p-type well 195 and 
5 the n-type source 196 are formed is about 100 )im, a breakdown voltage of IkV can be 
ensured. 

In the vertical-type MOSFET, electrons serve as carriers and a pn junction is 
formed between the n-type doped layer 192 and the p-type well 195. To operate the 
vertical-type MOSFET, a positive voltage is applied to the drain electrode 198 and the 

10 source electrode 197 is set at a ground potential. In this state, a positive voltage is applied 
to the gate electrode 200 to make a current flow through a chaimel, so that electrons flow 
from the n-type source 196 into a drain side. In this manner, the vertical-type MOSFET is 
turned ON. That is to say, by changing a gate voUage, ON and OFF of a current can be 
controlled. The vertical-type MOSFET allows precise control of electric instruments by an 

15 inverter or the like to contribute to reduction in power consumption. Note that switching 
devices include not only vertical-type MOSFETs but also IGBTs (insulated gate bipolar 
transistors) and the like. 

SUMMARY OF THE INVENTION 

20 As described above, when a general switching device is used, it is necessary to 

apply a voltage having a predetermined polarity to the switching device. Therefore, an 
altemating current has to be converted to a direct current first. This AC-DC conversion is 
normally carried out by a bridge circuit using a diode and an AC-DC conversion circuit 
including a large capacity capacitor. However, when AC-DC conversion is performed by 

25 the AC-DC conversion circuit, a current flows in the diode, thus resulting in conduction 
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loss. Furthermore, a large capacity is required if a large capacity capacitor is provided. 
Therefore, for the known switching device, there is a limitation in view of energy 
consumption resulting from reduction in a circuit size and loss. 

It is therefore an object of the present invention to provide a switching device with 
5 a reduced area size and suppressed power loss. 

A semiconductor device according to the present invention includes: a first 
transistor including a first substrate formed of a wide bandgap semiconductor and 
containing an impurity of a first conductive type, a first electrode formed in a principal 
surface side of the first substrate, a second electrode formed in a back surface side of the 

10 first substrate and a first control electrode formed in the principal surface side of the first 
substrate; and a second transistor formed of a wide bandgap semiconductor, including a 
second substrate containing an impurity of a first conductive type, a third electrode formed 
in a principal surface side of the second substrate and electrically connected to the first 
electrode, a fourth electrode formed in a back surface side of the second substrate, and a 

15 second control electrode formed in the principal side of the second substrate, and having 
the same electric properties as those of the first transistor. In the semiconductor device, the 
first transistor and the second transistor are stacked so that the respective principal surface 
sides of the first substrate and the second substrate face each other. 

With this structure, for example, if each of the first and second transistors is a 

20 transistor in which a current flows in the vertical direction, a switching operation can be 
performed even though the polarity of a voltage applied between the second and fourth 
electrodes is changed. Thus, the semiconductor device can be driven by an alternating 
current. Moreover, two transistors are stacked, so that a circuit area can be reduced to 
about 1/2, compared to the case where two transistors are arranged side by side on the 

25 same substrate. Furthermore, the substrate formed of a wide bandgap semiconductor is 
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used, so that a current density can be increased, compared to the case where a known Si 
substrate is used. Thus, a device size can be largely reduced. 

If the inventive semiconductor is a semiconductor which is operable as a bi- 
directional device and in which the first control electrode and the second control electrode 
5 are electrodes for controlling a current flowing from the second electrode to the fourth 
electrode or a current flowing from the fourth electrode to the second electrode, a 
switching operation can be performed even though the polarities of voltages applied 
between the second electrode and the fourth electrode are changed. Thus, the device can 
be driven by an alternating current. Accordingly, with the semiconductor device according 

10 to the present invention, AC-DC conversion is not necessarily performed and a switching 
operation at a high voltage can be performed in a smaller area. Therefore, the 
semiconductor of the present invention is preferably used for a sustaining circuit of a 
plasma display or the like. 

If each of the first transistor and the second transistor is a vertical-type MISFET, 

15 each of the first electrode and the third electrode is a source electrode, each of the second 
electrode and the fourth electrode is a drain electrode, and each of the first control 
electrode and the second control electrode is a gate electrode, a bi-directional device with 
small loss can be achieved. 

If each of the first substrate and the second substrate is formed of silicon carbide, 

20 increase in the temperature of the inventive device can be effectively suppressed, 
compared to the case where a silicon substrate is used, because silicon carbide has 
excellent heat dissipation properties. Moreover, the current density of silicon carbide is 
about 10 times larger than that of silicon. Thus, with a current at the same level, a planar 
size of the semiconductor device of the present invention can be reduced to about 1/10 of a 

25 known semiconductor device in which two transistors are stacked. Accordingly, the size 
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of the semiconductor device of the present invention can be reduced to about 1/20 of that 
of a known semiconductor device in which tow transistors are arranged in the lateral 
direction. Moreover, a relatively small semiconductor can be fabricated in a simple 
manner, compared to the case where some other wide bandgap semiconductor is used. 
5 If the inventive semiconductor device further includes: a first conductive plate 

interposed between the first transistor and second transistor, having protruding part, and 
connected to the first electrode and the third electrode; and a second conductive plate 
interposed between the first transistor and second transistor, having protruding part, 
connected to the first control electrode and the second control electrode, and electrically 

10 isolated firom the first conductive plate, each of the protruding parts of the first and second 
conductive plates can be used as a lead terminal for applying a control voltage between the 
first and second control electrodes and the first and third electrodes. 

If the inventive semiconductor device fiuther includes: a first metal plate adhered to 
the back surface of the first substrate; and a second metal plate adhered to the back surface 

15 of the second substrate, packaging can be performed to a circuit substrate in a simple 
manner and, fiirthermore, heat dissipation properties can be improved. 

A sustaining circuit according to the present invention is a sustaining circuit 
including a bi-directional device which is connectable to a plasma display panel and 
includes an output section for outputting a pulse voltage for driving the panel and 

20 connected to the output section and in which the bi-directional device includes: a first 
transistor including a first substrate formed of a wide bandgap semiconductor and 
containing an impurity of a first conductive type, a first electrode formed in a principal 
surface side of the first substrate, a second electrode formed in a back surface side of the 
first substrate and a first control electrode formed in the principal surface side of the first 

25 substrate; and a second transistor formed of a wide bandgap semiconductor, including a 
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second substrate containing an impurity of a first conductive type, a third electrode formed 
in a principal surface side of the second substrate and electrically connected to the first 
electrode, a fourth electrode formed in a back surface side of the second substrate, and a 
second control electrode formed in the principal side of the second substrate, and-having 
5 the same electric properties as those of the first transistor, and the first transistor and the 
second transistor are stacked so that the respective principal sxirface sides of the first 
substrate £md the second substrate face each other. 

With this structure, the area of the sustaining circuit can be reduced and simplified, 
compared to the C2ise where a large number of known transistors formed of Si are arranged. 

10 Moreover, since a wide bandgap semiconductor has low loss and excellent heat resistance, 
an equipment for cooling the device can be omitted. As a result of use of the sustaining 
circuit of the present invention, the structure of a driver circuit for a PDP can be simplified. 

If the inventive sustaining circuit fiirther includes: a capacitor having a terminal 
grounded and another terminal cormected to the bi-directional device; an inductance 

15 provided between the bi-directional device and the output section; a first switch provided 
between a first power supply and the output section; and a second switch provided between 
a second power supply for supplying a lower voltage than that of the first power supply 
and the output section, it is possible to make currents flow in a bi-directional device in 
different directions in the case where a voltage of the output section is higher than that of 

20 the capacitor and in the case where the voltage of the output section is lower than that of 
the capacitor. 

It is preferable that each of the first transistor and the second transistor is a vertical- 
type MISFET, each of the first electrode and the third electrode is a source electrode, each 
of the second electrode and the fourth electrode is a drEiin electrode, and each of the first 
25 control electrode and second control electrode is a gate electrode. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. lA and IB are cross-sectional views schematically illustrating a bi- 
directional device according to a first embodiment of the present invention. 
5 FIGS. 2 A and 2B are a schematic view illustrating a three-dimensional electrode 

structure of the bi-directional device of the first embodiment and a planar view illustrating 
an example of the bi-directional device, respectively. 

FIG. 3 is a cross-sectional view illustrating an exemplary structure of the bi- 
directional device of the first embodiment which is suitable for packaging. 
10 FIG. 4 is a circuit diagram of a sustaining circuit according to a second 

embodiment of the present invention. 

FIG. 5 is a waveform chart illustrating the waveform of an output current and the 
waveform of an output voltage of the sustaining circuit of FIG. 4. 

FIG. 6 is a cross-sectional view illustrating a general vertical-type MOSFET as an 
15 example of switching device. 

FIG. 7 is a perspective view illustrating a bi-dierctional device formed by arranging 
two known vertical-type MOSFETs in the lateral direction. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
20 - Examination of Device Structure - 

As described above, it is because the area of an AC/DC converter circuit is large 
that a known switching device has a large circuit area. Then, the present inventors thought 
of forming a switching device having a structure which is operable with an alternating 
current. 

25 To operate a switching d evice by a n alternating c urrent, a m ethod in which two 
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switching devices having the same structure are connected to each other and arranged side 
by side in a plane so as to function as bi-direactional devices seems to be possibly used. 

FIG. 7 is a perspective view illustrating a bi-dierctional device obtained by 
arranging two known vertical-type. MOSFETs in the lateral direction. FIG. 7 illustrates an 
5 example in which first and second MOSFETs 300 and 400 each having the same structure 
as that of the vertical-type MOSFET of FIG. 6 are arranged in a plane so as to be adjacent 
to each other. In the bi-directional device, a source electrode 197a of the first MOSFET 
300 and a source electrode 197b of the second MOSFET 400 are connected to each other 
by a wire, a gate electrode 200a of the first MOSFET 300 and a gate electrode 200b of the 

10 second MOSFET 400 are connected to each other by a wire. Moreover, a first conductive 
plate 202a connected to a drain electrode of the first MOSFET 300 is provided under the 
first MOSFET 300 and a second conductive plate 202b connected to a drain electrode of 
the second MOSFET 400 is provided under the second MOSFET 400. With this structure, 
even if the polarities of voltages applied to the source electrodes 197a and 197b, 

15 respectively, are reversed, an operation can be normally performed. Thus, the switching 
device can be driven with an alternating current. 

However, in such a bi-directional device, although an AC/DC converter circuit is 
not necessary, the area of the switching device itself is increased. Specifically, in the case 
of a power device using a high current, an area is markedly increased. Then, the present 

20 inventors conducted further research to reach a method in which two switching devices in 
the same structure are stacked so that the respective principal surfaces of the switching 
devices face to each other. If a bi-directional device is formed by stacking two switching 
devices, the size of the bi-directional device, which have been packaged, can be about 1/2 
of that of the bi-directional device of FIG. 7. 

25 In this case, however, the evolution of heat during an operation time becomes a 



problem in the known switching device formed of Si. Therefore, the present inventors also 
conducted examination of suitable materials. As a result, it has been found that it is 
preferable to use a highly resistant wide bandgap semiconductor because the thickness of 
the device can be reduced. In this case, a wide bandgap semiconductor means to be a 
5 semiconductor having a wider bandgap than that of Si, such as silicon carbide (SiC), 
diamond, gallium nitride (GaN), zinc oxide (ZnO) and the like. Moreover, it has been 
foimd that if a highly thermally conductive material such as SiC and diamond, among the 
above-described wide bandgap semiconductors, is used as a material, a bi-directional 
device in which heat increase is further suppressed can be obtained. Then, it seems 

10 practical and the most preferable to use SiC among those with excellent thermal 
conductivity as a material. 

Moreover, the current density of SiC can be increased to a level ten times as high as 
that of Si. Therefore, with the same current level, if SiC is use, the planar size of a 
semiconductor device can be reduced to about 1/10 of a known semiconductor device. 

1 5 Hereinafter, embodiments of the present invention will be described. 

(First Embodiment) 

FIGS. lA and IB are cross-sectional views illustrating bi-directional device 
according to a first embodiment of the present invention. 

20 As shown in FIGS. lA and IB, the bi-directional device of the present invention 

includes a first switching device 1, a second switching device 2 formed on the first 
switching device 1 so that a principal surface side thereof faces a principal surface side of 
the second switching device 2. In this example, the first and second switching devices 1 
and 2 are vertical-type MOSFETs each having the same electric properties. Note that in 

25 this application, a principal surface side of a switching device corresponds to a principal 
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surface side of a substrate. 

As shown in FIGS. lA and IB, the first switching device 1 includes a substrate 11 
formed of an n-type SiC, an n-type doped layer (drain layer) 12 epitaxially grown over the 
principal surface of the substrate 11, formed of nitrogen-containing SiC, and having a 
5 thickness of 10 |xm, a p-type well 13 formed so as to be surrounded by the n-type doped 
layer 12 and containing Al, an n-type source 14 formed so as to be surrounded by the p- 
type well 13 and containing nitrogen, a gate insulation film 16 formed so as to be located 
on at least two p-type wells 13, a gate electrode 17 fomied on the gate insulation film 16 
and formed of Al, a source electrode 15 formed on the n-type source 14 and formed of Ni, 

10 and a drain electrode 18 formed on the back surface of the substrate 11 and formed of Ni. 
In this embodiment, the thickness of the drain layer can be suppressed to be about 1/10 of a 
switching device formed of Si. 

Moreover, the second switching device 2 includes a substrate 21 formed of n-type 
SiC, a -doped layer (drain layer) 22 epitaxially grown on the principal surface of the 

15 substrate 21, formed of nitrogen containing SiC, and having a thickness of 10 pm, a p-type 
well 23 formed so as to be surroimded by the n-type doped layer 22, an n-type source 24 
formed so as to be surrounded by the p-type well 23 and containing nitrogen, a gate 
insulation film 26 formed on two of the p-type wells 23 and formed of SiOj, a gate 
electrode 27 formed on the gate insulation film 26 and formed of Al, a source electrode 25 

20 formed on the n-type source 24 and formed of Ni, and a drain electrode 28 formed on the 
back surface of the substrate 21 and formed of Ni. Moreover, in FIG. 1, an adjacent 
vertical-type MOSFET is also shown and a plurality of vertical-type MOSFETs are formed 
on one chip. 

Moreover, the respective carrier concentrations of the n-type doped layers 12 and 
25 22 are 2 x 10^^ cm"', the respective carrier concentrations of the p-type wells 13 and 23 are 
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1 X 10^^ cm'^and the respective cairier concentrations of the n-type source 14 and 24 are 1 
X 10'**cm-\ 

Note that in FIGS. lA and IB, although the respective gate electrodes of the first 
and second switching devices 1 and 2 seem to be directly connected to each other and also 
5 the respective source electrode of the first and second switching devices 1 and 2 are 
directly connected to each other, an interlevel insulation film is provided between the first 
and second switching devices 1 and 2. Therefore, the gate electrode and source electrode 
of the first and second switching device 1 are electrically connected to the gate electrode 
and source electrode of the second switching device 2, respectively, with a plug, a 

10 conductive plate or the like interposed therebetween. 

The bi-directional device can be fabricated using a combination of known methods. 
That is to say, a substrate 11 is prepared, and then an n-type doped layer 12 is 
epitaxially grown on the principal surface of the substrate 11 by a known method. 
Subsequently, aluminum ions are implanted into an n-type doped layer 12 and activation 

15 annealing is performed, so that a p-type well 13 is formed. Thereafter, nitrogen ions are 
implanted into the p-type well 13 and activation annealing is performed, so that an n-type 
source 14 is formed. Then, the substrate 11 is thermally oxidized to form a gate insulation 
film 16. Next, after Ni has been deposited on the upper surface of the n-type source 14 and 
the back svirface of the substrate 11 by evaporation, the substrate 11 is heated, thereby 

20 forming a source electrode 15, which is an ohmic electrode, on the n-type source 14 and 
the p-type well 13 and a drain electrode 18, which is an ohmic electrode, on the back 
surface of the substrate 11. Then, Al is deposited on the gate insulation film 16 by 
evaporation to form a gate electrode 17. In this manner, the first switching device 1 is 
formed. 

25 Next, a wafer on which the first switching device 1 has been formed is diced. 



11 



thereby fabricating a chip on which the first switching device 1 is provided. In the same 
manner, a chip on which the second switching device 2 is provided is fabricated. 

Subsequently, the second switching device 2 and the first switching device 1 are 
bonded to each other so that the respective principal surfaces of the second switching 
5 device 2 and the first switching device 1 face each other. Note that before bonding the two 
switching devices, an interlevel insulation film, a plug passing through the interlevel 
insulation film or the like is formed on the first switching device as necessary. Moreover, 
an electrode plate to be an external terminal may be formed so as to be interposed between 
the first and second switching devices as necessary. In the above-described manner, the bi- 

10 directional device of this embodiment can be fabricated. 

In the bi-directional device of this embodiment, by applying a control voltage 
between a source electrode and a gate electrode, a current flowing from the drain electrode 
18 of the first switching device 1 to the drain electrode 28 of the second switching device 2 
can be controlled. Moreover, when the polarities of voltages applied to the drain electrode 

15 18 and the drain electrode 28, respectively, are reversed, a current in the reverse direction 
flows. Such an operation of the bi-directional device of the present invention will be 
described with reference to FIG. 1. 

First, as shown in FIG. lA, when a positive voltage is applied to the drain electrode 
18 of the first switching device 1 and a negative voltage is applied to the drain electrode 28 

20 of the second switching device 2, at the pn junction between the p-type well 23 and the 
doped layer 22, a positive voltage is applied to the p side of the pn jiinction and a negative 
voltage is applied to the n side of the pn junction, so that a current 2B flows from the 
source electrode 25 to the drain electrode 28. That is to say, the pn junction is turned ON. 
On the other hand, at the pn junction between the p-type well 13 and the n-type 

25 doped layer 12, the direction of a voltage applied is reversed, so that the pn junction is 
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turned OFF. Thus, a current does not flow. Accordingly, a current does not flow between 
the drain electrode 18 and the drain electrode 28, and most of the voltage which has been 
applied thereto is applied to a depletion layer formed in a pn junction portion of the first 
switching device 1. 

5 Then, in this state, when an electric filed which makes the gate electrode 17 

positive is applied between the source electrode 15 and the gate electrode 17, an operation 
of the first switching device as an MOSFET becomes ON, so that a current lA flows via 
the drain electrode 18, the substrate 11, the n-type doped layer 12, the p-type well 13, the 
n-type source 14 and the source electrode 15. Since the second switching device 2 is 

10 already in a state in which the current 2B flows, a current path through which lA flows is 
connected to a current path through which 2B flows in the bi-directional device of this 
embodiment. In this case, if a voltage between the source electrode 15 and the gate 
electrode 17 is increased, the current 1 A is increased. Note that in the bi-directional device 
of this embodiment, the gate electrode 17 and the gate electrode 27 are electrically 

15 connected to each other and thus have the same potential and the source electrode 15 and 
the source electrode 25 are also electrically connected to each other and thus have the same 
potential. Therefore, the second switching device 2 is operated as an MOSFET as in the 
same maimer as the first switching device 1, so that a current 2C flows. That is to say, by 
applying a voltage which is positive with respect to the source electrode and equal to or 

20 higher than tlie threshold voltage of the first and second switching devices to the gate 
electrode, a current flows firom the drain electrode 18 to the drain electrode 28 when a 
positive voltage is applied to the drain electrode 18 and the drain electrode 28, In this case, 
due to the flow of the current 2C, a voltage drop caused when the cxirrent 2B flows 
becomes smaller. Thus, conduction loss can be reduced, compared to that of a device in 

25 which a current flows only at the pn junction. 
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In contrast, assume that a negative voltage is applied to the drain electrode 18 of the 
first switching device 1 and a positive voltage is applied to the drain electrode 28 of the 
second sv/itching device 2. As shown in FIG. IB, unless a potential difference is not 
generated between the gate electrode and the source electrode, most of the voltage which 
5 has been applied between the drain electrodes is applied to a depletion layer formed in a pn 
junction portion of the first switching device 2. In this case, the pn junction between the p- 
type well 13 and the n-type doped layer 12 is turned ON, so that only a current IB flows 
from the source electrode 15 and the n-type doped layer 18. Then, when with a voltage 
applied to each of the drain electrodes sustained, a voltage equal to or higher than a 

10 threshold voltage is applied to the gate electrodes 17 and 27, an operation of the second 
switching device 2 as an MOSFET becomes ON, so that a current 2A flows fi-om the drain 
electrode 28 to the source electrode 25 via the n-type doped layer 22, the p-type well 23, 
and the n-type source 24. At the same time, the first switching device 1 becomes ON, so 
that a current IC flows from the source electrode 15 and the drain electrode 18. 

15 In this manner, even if the polarity of a voltage applied to a drain electrode is 

changed, the bi-directional device of this embodiment can be operated with small voltage 
loss. Moreover, in the bi-directional device of this embodiment, the first and second 
switching devices 1 and 2 have the same electric properties. Thus, even if the polarity of a 
voltage applied is changed, a switching operation can be performed according to the 

20 absolute value of a voltage applied. Therefore, the bi-directional device of this 
embodiment can be AC driven. Accordingly, with the bi-directional device of this 
embodiment, an AC/DC converter circuit is not necessary, so that the area of an entire 
circuit can be reduced. Moreover, since the two switching devices are stacked, an area in a 
packaged state can be reduced to be about 1/2 of that in the case where two switching 

25 devices are provided on the same substrate so as to be located adjacent to each other. 
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Moreover, for example, it has been normally necessary to ensure a size of 5 mm square 
when a switching device using an about 20 A (ampere) pulse current is formed of Si. 
However, when a switching device is formed of SiC, a planar area can be suppressed to be 
about 1/10 of that of the known device. Accordingly, with the bi-directional device of this 
5 embodiment, an area can be suppressed to be about 1/20 of that of the bi-directional device 
of FIG. 7. Furthermore, as will be described later, since SiC has better thermal 
conductivity than that of Si, an increased in temperature resulting from an operation can be 
suppressed when a pulse current is used. Thus, the size of the bi-directional device can be 
further reduced. Therefore, the bi-directional device of this embodiment can be preferably 

10 used for a sustaining circuit of a plasma display panel (PDP) or the like. 

Note that the reason why the bi-directional device of this embodiment can have a 
layered structure of two switching devices is that a substrate and a deposited layer on the 
substrate are formed of SiC. When as power electronic application device, a high voltage 
switching device using a voltage of several kV or more is formed of Si, it has been 

15 necessary to make a thickness of the device about several hundred [im so that the device 
has resistance. In contrast, SiC is a wide bandgap semiconductor and, therefore, when SiC 
is used as a material for forming a device, the thickness of the device can be largely 
reduced. For a reference, a necessary thickness of an epitaxially grown layer (drift layer) 
for achieving an MOSFET which is resistant to a voltage of IkV or more is 100 jim in the 

20 case of a Si layer. In contrast, it is 10 jxm in the case of a SiC layer. That is to say, the 
thickness of the switching device constituting the bi-directional device of this embodiment 
is smaller than that of the known device, and thus heat dissipation can be improved and 
conduction loss can be reduced. Furthermore, SiC has a thermal conductivity three times 
as high as that of Si. Thus, the switching device of this embodiment has better heat 

25 dissipation. Moreover, heat resistance of SiC is very high, compared to Si. For these 
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reasons, when a high current flows with a high voltage, the temperature of the bi- 
directional device of this embodiment can be suppressed within an operable temperature. 
Therefore, the bi-directional device of this embodiment can be used for a power electronic 
circuit such as an inverter. 
5 Note that with some other wide bandgap semiconductor than SiC, such as diamond 

and gallium nitride (GaN), the thickness of a device can be reduced. Therefore, such wide 
bandgap semiconductors can be used as a material for forming a device. The thermal 
conductivity of diamond is three times as high as that of Si. Thus, it is specifically 
preferable to use diamond as a substitute of SiC. However, in the current technology, a 

10 smaller size device can be fabricated when SiC is used. 

The case where a switching device is a vertical-type n-channel MOSFET has been 
described so far. However, even if a p-channel vertical -type MOSFET is used, a bi- 
directional device can be fabricated. In that case, the direction in which a current flows 
when a voltage is applied between drains of two switching devices is reversed from that in 

15 the case of the n-channel type. Moreover, a negative voltage with respect to a source 
electrode or a voltage equal to or lower than a threshold voltage is applied to a gate 
electrode, a current flows between the drains. 

Moreover, if a large nvimber of vertical-type MOSFETs as unit devices are 
continuously arranged in the bi-directional device, the bi-directional device can be 

20 operated. Moreover, an isolation insulation film may be formed between adjacent devices. 

Note that in the bi-directional device of this embodiment, the switching device is a 
. vertical-type MOSFET. However, instead of this, an IGBT or a bipolar transistor may be 
used. A bipolar transistor which has the same structure as that shown in FIGS. lA and IB 
but does not includes a gate insulation film may be used. Moreover, a GTO thyristers 

25 stack can be function as a bi-directional device. 
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- Terminal structure of Bi-directional Device - 

FIG. 2A is a schematic view illustrating the three-dimensional structure of an 
electrode of the bi-directional device of this embodiment. FIG. 2B is a plane view 
illustrating an example of the bi-directional device of this embodiment. Note that in FIG. 
5 2A, an interlevel insulation film, a plug and the like are not shown. 

As shown in FIG. 2A, a first metal plate 5 electrically connected to the source 
electrode 15 and the source electrode 25 and a second metal plate 7 electrically connected 
to the gate electrode 17 and the gate electrode 27 are interposed between the switching 
device 1 and the switching device 2. Then, as shown in FIG. 2B, each of the first and 

10 second metal plates 5 and 7 each having a thickness of about 50 iim has part protruding out 
fi-om the substrate of the switching device, when viewed from the top. Having the 
protruding parts, the first metal plate 5 and the second metal plate 7 function as a lead 
terminal for a source electrode and a lead terminal for a gate electrode, respectively. 

To operate the bi-directional device of the present invention, it is necessEiry to apply 

15 a control voltage between the source electrode 15 and the gate electrode 17 and between 
the source electrode 25 and the gate electrode 27. Therefore, a lead terminal to be 
connected to the outside is needed. In this embodiment, a structure in which the first and 
second metal plates 5 and 7 are interposed between the switching devices 1 and 2 is used, 
so that a lead terminal can be formed in a simple manner. In addition, heat generated in 

20 each switching device can be effectively dissipated. Thus, increase in the temperature of 
the bi-directional device can be suppressed. The heat dissipation effect can be fiirther 
increased by reducing the thicknesses of the first and second metal plates 5 and 7. 
Materials for the first and second metal plates 5 and 7 are not particularly limited as long 
as they are Ni, Al, Mo, Au and other metals. 

25 Note that in the bi-directional device of this embodiment, a control voltage has to 
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be a floating voltage insulated with respect to an alternating voltage applied to the drain 
electrodes 18 and 28. Moreover, an electrical conductive state is not formed bretween the 
first and second metal electrodes 5 and 7. 

Note that in the example of FIGS. 2 A and 2B, the protruding part of the first metal 
5 electrode 5 and the protruding part of the second metal electrode 7 are located in different 
sides of the bi-directional device. However, the protruding part of the first metal electrode 
5 and the protruding part of the second metal electrode 7 may be provided in the same side 
or in adjacent sides, respectively, when viewed from the top. 

Note that a lead terminal can be formed by some other method than a method using 
10 a metal plate. 

Next, a structure example of the drain electrode side which is suitable for 
packaging will be described. 

FIG. 3 is a cross-sectional view illustrating an exemplary structure of the bi- 
directional device of this embodiment which is suitable for packaging. As shown in FIG. 

15 3, a conductive plate 36 formed of a conductive material such as gold (Au) or the like may 
be adhered to each of the drain electrode (back surface) of a first semiconductor chip 30 in 
which the first switching device 1 is provided and the drain electrode (back surface) of a 
second semiconductor chip 32 in which the second switching device 2 is provided. In this 
case, packaging can be preferably carried out in a simple manner. Moreover, by providing 

20 the conductive plate 36, heat dissipation properties of the bi-directional device can be 
improved. Heat dissipation properties of the bi-directional device can be improved by 
increasing in the thickness of the conductive plate 36 to increase heat capacity. 

When the conductive plate 36 is adhered to the bi-directional device, for example, 
the conductive plate 36 is fixed by a fixing instrument 38 shown in FIG. 3 and then heated. 

25 Thereafter, resin sealing or some other process steps may be performed as necessary, or the 
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conductive plate 36 may be directly fixed on a circuit board by a solder. Note that it is also 
possible to seal with resin the bi-directional device, with the fixing instrument 38 attached 
thereto. Moreover, it is also possible to perform supersonic fusion or some other process 
step with no heat applied, while the bi-directional device is being fixed by the fixing 
5 instrument 38. Assume that gold is used as a material of the conductive plate 36. If a 
sufficient surface treatment has been performed to the conductive plate 36, it is also 
possible to adhere the conductive plate 36 to a drain electrode only by bringing the 
conductive plate 36 into contact with the drain electrode. 

10 (Second Embodiment) 

As a second embodiment of the present invention, a sustaining circuit using the bi- 
directional device described in the first embodiment will be described. The sustaining 
circuit is part of a driver circuit for a PDP. 

FIG. 4 is a circuit diagram of a sustaining circuit according to the second 

15 embodiment. FIG. 5 is a waveform chart illustrating the waveform of an output current 
and the waveform of an output voltage of the sustaining circuit of FIG. 4. 

The sustaining circuit of the PDP is a driver circuit for supplying a sustaining pulse 
voltage to an electrode of the PDP to emit light for display. As shown in FIG. 5, the 
sustaining circuit of this embodiment includes an output section for outputting a driving 

20 voltage of the PDP, first and second switching devices 82 and 83 each of which is an n- 
channel vertical-type MOSFET, an inductance 84, a capacitor 85, a third switching device 
81 which is an n-channel vertical-type MOSFET, a fourth switching device 80, a first gate 
driving circuit 89 for controlling an operation of the first and second switching devices 82 
and 83, a second gate driving circuit 87 for controlling an operation of the third switching 

25 device 81, and a third gate driving circuit 86 for controlling an operation of the fourth 



switching device 80. Respective sources of the first and second sv^tching devices 82 and 
83 are connected to each other and respective gate electrodes of the first and second 
switching devices 82 and 83 are connected to each other. The inductance 84 has a terminal 
connected to the drain of the second switching device 83 and another terminal connected to 
5 the output section. The capacitor 85 is connected to the drain of the first switching device 
82. The third switching device 81 has a termiani groimded. The first and second switching 
devices 82 and 83 are the bi-directional devices described in the first embodiment. 
Moreover, an interconnect connecting the third switching device 81 and the fourth 
switching device 80 is connected to an interconnect connecting the inductance 84 and an 
10 output section. Note that although not shown in FIG. 4, in the driver circuit, the output 
section of the sustaining circuit is connected to a terminal of a capacitor located in a panel 
side. 

Next, the operation of the sustaining circuit of this embodiment will be described 
with reference to FIG. 5. 

15 First, when an output voltage of a sustaining circuit in a coimterpart side falls firom 

slightly higher voltage than 0 V to 0 V, an output current ila flows into a body diode of the 
third switching device 81 at tl. Note that the "counterpart side" means to be a side of a 
panel side capacitor in which the sustaining circuit of this embodiment is not located. 

Then, at tl, if the first switching device 82 is turned ON simultaneously to a start of 

20 an output current ila flow, a voltage of Vsus/2 (V) of the capacitor 85 is supplied to a 
point A via the first and second switching devices 82 and 83. Thus, the voltage at the point 
A is pulled up, so that capacitor components of the inductance 84 and a scan electrode start 
oscillating. Subsequently, an output voltage of the sustaining circuit rises from 0 (V) to 
slightly lower voltage than Vsus (V). At this time, the output current ilb flows in the first 

25 and the second switching devices 82 and 83. Then, because the output currents ila and ilb 



flow therein, power loss due to ON resistances of the first and second switching devices 82 

and 83 are generated. 

Next, at t2, when the fourth switching device 80 is turned ON, an output current i2 

obtained by combining a discharge current for making the PDP emit light and a current for 
5 raising the output voltage of the sustaining circuit from a slightly lower voltage than Vsus 

(V) to Vsus (V) flow in the foxirth switching device 80. Then, the output voltage of the 

sustaining circuit is pulled up to Vsus (V). At this time, power loss due to an ON 

resistance is generated in the fourth switching device 80. 

Next, at t3, when all of the fourth switching device 80, the first switching device 
10 82, and the second switching device 83 are turned ON together, a Vsus/2 (V) of the 

capacitor 85 is supplied to a point A via the first and second switching devices 82 and 83. 

Thus, the voltage at the point A is pull down, so that capacitor components of the 

inductance 84 and a scan electrode start oscillating. Then, the output voltage of the 

sustaining circuit falls fi-om Vsus (V) to slightly higher voltage than 0 (V). At this time, 
15 the output current i3 flows in the first and the second switching devices 82 and 83. Then, 

power loss due to respective ON resistances of the first and second switching devices 82 

and 83 are generated. 

Next, at t4, when the third swdtching device 81 is turned ON, an output current i4a 

for pulling down the output voltage of the sustaining circuit from a slightly higher voltage 
20 than 0 (V) to 0 (V) flows in the third switching device 81. 

Next, at t5, the third switching device 81 is still kept in the ON state, and an output 

current 15 obtained by combining a discharge current for making the PDP emit light and a 

current for pulling down the output voltage of the sustaining circuit from a slightly higher 

voltage than 0 (V) to 0 (V) flows in the third switching device 81. 
25 Next, at t6, tlie third switching device 81 is still kept in the ON state, and an output 
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current 16 generated due to a fall of the output voltage of the sustaining circuit located in 
the counterpart side flows in the body diode of the third switching device 81. 

The sustaining circuit is operated in the above-described manner, the sustaining 
circuit can generate a pulse voltage for driving the PDP. 
5 Specifically, with use of the bi-directional device of the present invention including 

the first and second switching devices 82 and 83 for the sustaining circuit of the PDP 
circuit, the known sustaining device in which three to five switching devices formed of Si 
and arranged in parallel can be simplified so as to be able to resist to a pulse-state high 
current. 

10 Moreover, since the sustaining circuit can be simplified, the driver circuit can be 

simplified. This is resulted fi-om that the bi-directional device of the present invention has 
smaller loss than that of a known device, so that heating of the device due to a pulse 
current is suppressed, and that the bi-directional device is formed of a wide bandgap 
semiconductor which allows the device to operate even at an increased temperature, so that 

15 an equipment for cooling the device or the like is not necessary. Furthermore, it also 
contributes to simplification of the driver circuit that the switching speed of the bi- 
directional device of the present invention is faster than that of a known device formed of 
Si, and switching loss is fixrther reduced. 

Note that in the case of a 42 inch diagonal class PDP apparatus, an output voltage 

20 of the sustaining circuit is 170 (Vsus) and has a cycle of 5 jxsec. Moreover, each of the 
pulse-state output currents ilb and i3 is about 50 A. 
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